In our previous study, the claw pole motor (CPM) shows promising magnetic concentrating performance for permanent magnet motors with soft magnetic composite cores. Meanwhile, its relatively complex structure also increases the core loss and cogging torque. To conduct the high dimensional optimization of the CPM with comprehensive analysis models, this paper presents an improved multilevel strategy of high efficiency. Since the holistic performances, including output torque, efficiency, cogging torque, and back electromotive force, are considered, an orthogonal design is utilized for the surrogate model building for increasing the optimization efficiency. A full factor sample method for the surrogate model is also conducted for comparison. The similar optimization results with the two kinds of models prove the effectiveness of the proposed method and optimal design. Index Terms-Claw pole motor (CPM), cogging torque, multilevel design optimization, orthogonal design, soft magnetic composite (SMC).
I. INTRODUCTION

S
OFT magnetic composite (SMC) material possesses many unique features compared with traditional silicon steel sheets, such as the 3-D magnetic and thermal properties but low permeability and high hysteresis loss. To take full advantages of the SMC material and overcome its disadvantages, lots of novel permanent magnet (PM) motor topologies of 3-D magnetic field path have been investigated [1] - [4] . The claw pole structure (as illustrated in Fig. 1 ) shows promising performance on magnetic concentrating for PM motors with the material of low permeability. However, the relatively complex structure increases the partial saturation which gives rise to the core loss and cogging torque. Meanwhile, it also enhances the difficulty together with the complex performance calculation model of SMC motors.
Considering the computation burden caused by the high design dimension and comprehensive performance analysis of the PM claw pole motor (CPM), this paper proposes an improved multilevel design optimization strategy of high efficiency. In the optimization framework, the optimization is conducted in subspaces of lower design dimension. The Kriging model is also used for replacing the finite element analysis (FEA) model to increase the optimization efficiency in addition to the multilevel scheme. Compared with our research before, for the sake of reducing the computation burden further, the orthogonal design technique is utilized for sampling and building the surrogate models of the motor performances for higher efficiency. Compared with optimization with the full factor design-based surrogate models, the optimal results verified the optimal design and the proposed efficient optimization approach. 
II. MOTOR PERFORMANCE ANALYSIS
To conduct the optimization of the PM CPM with SMC cores, the performance analysis methods of high accuracy are introduced in this section. Due to the 3-D material properties and the axial three-stack structure of the CPM, the core loss and cogging torque calculation methods are different from the traditional PM machines. Their calculation methods are introduced as follows.
A. Core Loss Calculation Model
For the core loss calculation of the SMC electrical machine, the comprehensive model in [2] is used here. In this model, both alternating and rotational core losses are all considered. The alternating core loss P a is computed by
where f is the excitation frequency, B P is the magnitude of the magnetic flux density, and C ha , C ea , C aa , and h are all of the alternating core loss coefficients. When the material is under 2-D circularly rotating flux excitation, the rotational core loss is expressed by
0018-9464 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. where P hr is the hysteresis loss, B P is the magnitude of the circular flux density, B s is the material saturation flux density, and C er , C ar , a 1 , a 2 , and a 3 are rotational core loss coefficients. The coefficients mentioned above can be obtained by curve fitting of the material core loss test results. With an elliptical rotating flux, the core loss can be calculated by
where R B = B min /B maj , B min , and B maj are the values of the major and minor axes of the ellipse, respectively, P a is the alternating core loss, and P r is the rotational core loss under 2-D circularly rotating flux excitation.
B. Cogging Torque Calculation Model
For PM machines, cogging torque can be calculated by
where W means the co-energy, and θ is the rotor angular displacement. To analyze the cogging torque of the whole machine with three stacks, discrete Fourier transformation (DFT) is used for decomposing the cogging torque of each stack. As presented in Fig. 2(a) , the cogging torque of one phase has a period of 18°mechanical and anti-symmetry about zero. Therefore, only even sine harmonics exist after the DFT T Ac ≈ 0.615 sin 2θ + 0.0629 sin 4θ − 0.127 sin 6θ + . . . (5) where T Ac means the cogging torque of stack A as shown in Fig. 2(b) . Because of 120 electrical-degree displacements of each stack only 6th and its multiple harmonics left in the whole machine, which can be expressed as
where c k1 and c k2 are the coefficients obtained from DFT, T Bc , and T Cc are the cogging torque of stack B and C, respectively. Fig. 3 illustrates the waveform of the back electromotive force (EMF) and the cogging torque calculated by the proposed method, which are verified by the experiment. The calculated and measured values are listed in Table I , which verify the accuracy of the performance analysis models. Specially, the back EMF constant means the value of back EMF divided by the speed. Fig. 4 illustrates the structure design parameters, and the whole optimization dimension is more than ten. If taking all the parameters into consideration at the same time, the computation burden can be very huge. Moreover, for each design usually half or whole periodic points need to be calculated. Take the cogging torque calculation as an example. Usually 12 points are computed by FEA for the DFT analysis. The similar computation with periodic points should also be conducted for the back EMF. For decreasing the computation burden, a multilevel optimization scheme combined with orthogonal design method is presented in this section.
III. MULTILEVEL DESIGN OPTIMIZATION
A. Multilevel Optimization Scheme
The multilevel optimization method has two main implementation steps [5] . First, divide the initial high dimensional design space into three low dimensional subspaces regarding the significance order of all parameters. Second, optimize these subspaces sequentially till convergence criterion is met.
The division of the optimization levels is according to the sensitivity of each parameter. In this paper, the local sensitivity analysis method is used and the sensitivity is calculated as where F(x) is the objective function, and x is the design parameter vector. x i is the increment of parameter x i .
Since the cogging torque reduction is also considered, the sensitivity is calculated according to the function (8) where T cog and T ave are the cogging torque and output torque, respectively, η is the motor efficiency at rate point. The subscript initial means the initial value of the prototype performance. Table II lists the selected design parameters and their sensitivities after the local sensitivity analysis. Table III lists the design parameters in each level.
B. Approximation Model Building With Orthogonal Design
Kriging model is used as the surrogate model of finite element model (FEM) to reduce the computation cost [5] , [6] . For the sake of calculating the cogging torque and back EMF, two separately computation processes with FEM are needed. Both of them contain the FEA points of half or whole period, respectively. For example, for a 4-factor 5-level experiment, 625 samples are needed according to the full factor experiment. If each of the cogging torque calculation contains six FEA points, the whole FEA points will be 2 × 6 × 625, i.e., 7500. Thus, the orthogonal experiment design technique is taken here for reducing the design space [7] , [8] . For example, for a 4-factor 9-level experiment, only 81 samples are needed by orthogonal design technique, which offers an effective way for reducing the sample dimension along with the multilevel method.
To be more specific, for the motor design problem, the orthogonal design with high level (more than 9) is suggested to compensate the lacking of sample points. For CPM optimization problem, there are 15 parameters and three subspaces in total. Since the diameter of copper wire (D) does not need to be sampled by FEA, the 4-factor 13-level orthogonal array and 5-factor 17-level orthogonal array are used, and the sample numbers are 169 and 289, respectively.
C. Optimization Model
Based on the above analysis methods, the optimization model can be developed for this CPM. The optimization purpose is defined as increasing the output torque and efficiency. Meanwhile, the cogging torque and total harmonic distortion (THD) of back EMF are controlled lower than the setting values. Therefore, the optimization model can be expressed as
where cost is the material and stator core manufacturing price, and THD(E) is the THD of the back EMF curve. In addition to the objectives and constraints mentioned above, the output torque, efficiency, and cost are required to be better than the initial values. Meanwhile, the slot fill (sf ) factor should be less than 0.7 for manufacturing requirement.
IV. RESULTS AND DISCUSSION
For proving the effectiveness of the improved method, this paper conducted the multilevel optimization based on two Kriging models sampled according to the full factor and orthogonal designs, respectively. The optimization based on both models was conducted with the same differential evolution algorithm. Please note the results below with title or legend of full factor or orthogonal mean the optimization results obtained with Kriging models built by the two designs, respectively.
According to the optimization results, we can draw the following conclusions.
1 
As listed in Table IV , the optimal objective performances of output torque and efficiency are similar with maximal errors. As illustrated in Fig. 5 , the waveforms of the cogging torque of the optimal solutions are verified by FEA. Even though the cogging torque optimization results show difference, both of them are under the constraints defined in the optimization model. 2) Fig. 6 illustrates the verification results back EMF waveform by the FEA. The waveforms of the two optimization results are almost aligned. The harmonic analysis result shown in Fig. 7 proves the very low harmonic content, and the THD analysis result is much lower than the set value 3%. 3) Table V lists the comparison of the sample numbers of the full factor and orthogonal design methods for the modeling of Kriging. The total FEM sample number required by improved multilevel optimization strategy with orthogonal design is 747, which is only 27.95% (747/2673) of the full factor sampling method. As the result listed above, the proposed method shows high effectiveness in both reducing the computational burden while keeping the accuracy of the performance calculation.
V. CONCLUSION
The high design dimension and complete performance analysis cause the heavy computation burden when conducting optimization of the PM CPM. To solve this problem effectively, the improved multilevel design optimization method with orthogonal sampling proposed shows high potential. The computation burden of the optimization is decreased further by the efficient sampled surrogate modeling, with the dimension reduced multilevel optimization framework. Therefore, the design optimization cycle can be shortened effectively by using the proposed approach.
